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We discuss the performance of a Schottky barrier diode as a mixer when

the barrier of the diode is open-circuited at the harmonics 2co„ , 3w„ ,
etc.

of the pump frequency co . Such a mixer is shown to be capable of arbitrarily

high conversion gain provided

where wc is the cutoff frequency of the diode and 77 is a parameter that is

typically less than 6.25 and approaches 4 under certain ideal conditions.

It is shown that the limit imposed by the series resistance of the diode on the

double-sideband noise figure of the mixer is given by

An experiment is described, at 1.25 GHz on a room temperature mixer

whose double-sideband noise figure F,„ as a function of gain has a minimum

of about 0.7 dB {for gain less than unity) and a maximum of about 2.3 dB
(for high gain).

I. INTRODUCTION

In the past five years the performance of microwave mixers has been

substantially improved with the advent of high quality Schottky barrier

diodes.
1 The noise figures obtained so far are better by a factor of

approximately 2 than those obtained previously using point-contact

diodes.
1-4

The ultimate microwave noise figure obtainable with these

devices is not yet known, but there is reason to believe that, at room

temperature, a figure well under 3 dB is possible.

Calculation in a previous article
5
showed that a Schottky barrier

diode with suitable characteristics should have a noise figure well under

1 dB provided the barrier of the diode is open-circuited at the harmonics
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2co„ , 3w , etc. of the pump frequency w„ . However, that calculation

neglects the barrier capacitance and is therefore valid only at low

frequency. The present purpose is to investigate the effect of the barrier

capacitance. Three main assumptions are made: (i) the barrier of the

diode is open-circuited at 2co„ , 3w , etc, (ii) the output frequency p of

the mixer is very low with respect to w„ , and (Hi) the diode can be repre-

sented by an equivalent circuit discussed in Section II.

A mixer is commonly considered to be a linear transducer having

finite maximum gain and a noise temperature ratio close to unity; the

maximum gain is usually considered its most important attribute.
1

However, this picture is not valid in general for the mixer under con-

sideration here. It will be shown that this mixer is potentially unstable

if the cutoff frequency u c of the diode is sufficiently high with respect

to co„ . Thus its gain is unlimited, in the sense that it can be made

arbitrarily high by appropriately choosing the terminations at the

input, image, and output frequencies (i.e., at co„ ± p and p).

In a previous article
6
the mechanism responsible for instability in a

mixer was discussed and necessary and sufficient conditions for uncon-

ditional stability were derived. These conditions, given in Section II,

are used to determine the relation between mixer stability and mixer

parameters. The main result is that a mixer is potentially unstable

(i.e., that high gain is possible) if and only if

w,- ^ o) r), (1)

where rj is a parameter the value of which depends primarily on the

breakdown voltage VB of the diode. It is shown that rj
—» 4 as V n

—
> °o

and that typically

4 < i, < 6.25. (2)

The value -q has important significance in connection with the noise

performance of a mixer at high gain because the limit imposed by the

series resistance of the diode on the ultimate noise performance is given

by the inequality

F" >
(
1 ~v)"

1

' (3)

where Fm is the double-sideband noise figure.

Following the analysis of Ref. 5, an experiment was undertaken to

determine the performance obtainable from a mixer satisfying assump-

tions (i), (ii), and (Hi). We designed such a mixer and measured its
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behavior as discussed in Section VI. It was, as expected, potentially

unstable. The double-sideband noise figure as a function of gain was

found to have a minimum value of 0.7 dB, occurring at a gain less than

unity, and a maximum of about 2.3 dB, at high gain.

High gain in a mixer is no new phenomenon; it was demonstrated

both theoretically and experimentally more than 20 years ago.
7
Since

then, the effect of the barrier capacitance has been treated by several

authors."
-1

" However, to the best of our knowledge, the effect of the

barrier capacitance in a mixer satisfying assumption (i) has never been

studied before. The amplifying ability is not a surprising property

(lief. 6), but good noise performance at high gain is perhaps unexpected.

II. PRELIMINARY CONSIDERATIONS

The equivalent circuit of Fig. 1 is assumed for the Schottky barrier

diode; it consists of a small series resistance R, and two nonlinear

elements, the barrier capacitance C(vb) and the barrier resistance R(vb).

The capacitance C(vb) and the current in through R(vb) are assumed to

obey the familiar relations

C(vb)
= c V<t>

V<f> - vb

and

?ft = Is exp (§H>

(4)

(
r
>)

where 4> is the contact potential, is the saturation current, q the electronic

charge, k the Boltzman constant, and T the absolute temperature;

q/kT ^ 40 for T ^ 290°K.

C(vb):
_^

R(vb l

Fig. 1—Schottky barrier diode.
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Figure 2 shows a two-terminal-pair network M driven by a sinusoidal

current

i(t) = 21 cos u t (6)

and a direct current /„ . This network consists of the diode and two

filters F
fl
and FUa . According to assumption (ii), we assume for F and

Fu „ the following characteristics at the harmonics of co a (and in their

vicinity): F is a short circuit at dc and an open circuit at co
,

2a><;
,

3co„ , etc.; F u „ is a short circuit at a>„ and an open circuit at dc, 2w , 3o> ,

etc. From Fig. 2 the terminal current of the diode is

h(t) =/. + i(t). (7)

The voltage vb across the barrier is assumed periodic with frequency w ,

v b (t) = vbo +2Bz(Vble
iu ' 1 +•), (8)

where the dots indicate components at 2co„ , 3a>„ , etc. Let Zb denote the

impedance presented by the barrier at u„ .

VblZb =Rb + jXb
= (9)

Then the impedance Z presented by the network at co„ is

Z = R + jX = Rs + Zb . (10)

The terminal voltage at dc is

V„ = Vbo + RsIn . (11)

When this network (designated here by M; see Fig. 2) is used as a

I
i

1 1

FcuQ Fo

*°

Ml

'c I 'R

Z= R jX

vb
C(«b ) 3 i k R(vb )

v

I

1

1

L_ M

Fig. 2—Network M representing the mixer.
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mixer, a small signal is applied at the input frequency to„ + ;; (or u„ — p)

and suitable terminations are provided at the image and output fre-

quencies co„ — p (or to„ + p) and p. Signal power then flows out of the

network at w = p to the output termination. The conversion gain,

which is defined* here as the ratio of the output power to the power

available from the input signal generator, has a finite maximum value

only if M is unconditionally stable. If M is not unconditionally stable

(i.e., if M is potentially unstable), its gain can be made arbitrarily high

by properly choosing the terminations at w„ ± p and p. To determine

the conditions for which M is potentially unstable, we assume p « co„

[assumption {it)]; this allows us to use the stability criteria of Ref. 6,

which are discussed in the following part of this section. Since applica-

tion of these criteria does not require a knowledge of the conversion

properties of M at to,, ± p and p, the analysis will be concerned exclu-

sively with the behavior of M at a>„ and dc.

2.1 Stability Criteria?

Let a one-terminal-pair network be constructed by connecting M to

a dc source as shown in Fig. 3. The nonlinear impedance Z characterizing

the terminal behavior at w„ of this network is a function of the amplitude

7 of i(t). The form of this function depends upon the characteristics

of the dc source. Of particular interest are the two cases arising when
the dc source is: (i) an ideal current source with infinite internal im-

pedance, or (it) an ideal voltage source with zero internal impedance.

It has been shown in Ref. 6 that a necessary and sufficient condition

for the network M to be potentiallv unstable is

in one of the above two cases. +

The network M imposes a set of nonlinear relations between its

terminal voltages and currents at dc and co„ . Because of these relations,

the impedance Z and the dc voltage V can be regarded as functions

of 7 and /,

R = R(Ia ,7), X = X(I ,7)

V n = V„(I ,I). (13)

* There ;uc several ways of defining the gain of a mixer. A different definition will

he used [see eq. (">1)| in connection with the experiment described in Section VI,
where the input signal generator will contain both cj„ + P mid oj„ — p. However,
the particular definition is immaterial to the analysis.

f For the network of Fig. 2 one can show that'/i* > and dV /dI„ > (); if these

two inequalities are not satisfied, the network would obviously be potentially un-
stable.
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In
lit)—«.

M

<

DC
SUPPLY

i

Fig. 3—Mixer connected to a dc bias supply.

These three functions completely describe the terminal behavior of M.
If these functions are known, the derivatives appearing in inequality (12)

can be evaluated as follows.

Note first that the two cases mentioned above correspond to the

two conditions

I„ = constant,

V„ = constant.

Thus, in the former case, inequality (12) takes the form*

(14)

(15)

(16)

involving only partial derivatives of IR(I„ , I) and X(I„ , /) with

respect to J.

In the latter case, differentiating eq. (15) we obtain

n dV
, n dV„ .

Thus,

dL
dl

dV„ (BV_

dl \dl
;)"'

Using this relation and the rule

dl ~ dl dln

+
dl

'

we obtain for inequality (12)

dV„
Alt

dl,

dVa d(IR) _ cH\, d{IR)

dL dl dl dl„
< dX dV. _ T

dl dl„

dX a v.1
2

ai. di J
• (17)

Inequalities (16) and (17) will be useful in Section IV.

* Throughout this paper d/dla (or d/dl) is used to indicate differentiation with /

(or /„) held constant.
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In the following section we consider the behavior of M in a limiting

case and find that a simple relation exists between Z and V , I. Because

of that relation, it is possible to ascertain stability directly from in-

equality (12), rather than using (16) and (17).

III. ANALYSIS OF A LIMITING CASE

Analysis of the circuit of Fig. 2 is a considerable task, primarily

because the current ic through C(v b ) is not in general simply related to

the total current ib through the barrier. However, if the frequency w„

is sufficiently high, the current iR absorbed by R(vb) is much smaller

than ic for all /, and ie is approximately equal to the alternating com-

ponent of ib .

ic (t) ^ 2/ cos uj. (IS)

In the present section we study this case. Our main result is inequality

(37).

If q and S denote the charge and elastance of the barrier capacitance

respectively, then, since S = dvjdq and ic
= dq/dt, we can write

dS = dSdv.dq = 1 d[S
2

]

dt dvb dq dt 2 dvb

From eq. (4) and the fact that S = C~\v„),

ic . (19)

S2 = -*—%- (20)
(Co V0)

2

Taking the derivative and substituting in eq. (19) results in

dS 1

dt '

2(Cn V<f>

(21)

From this equation the alternative component of the elastance S(t)

produced by the current ie (t) of eq. (18) is determined. If S denotes

the average value of S(t), using eqs. (IS) and (21),

S(t) = S D + V-2 ["o^""
1 - ^••"""T

(C„ V</>)
2

L2co„ 2Wo J

Substituting this equation in eq. (20) results in

(22)

v„(t) - * - (CoV+fSl - !

(C Vj)2
2Jl

CO,, O)
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where the dots indicate components at ±2a> . The amplitudes of

v b (t) at dc and a> , obtained from (23), are

7
>- = *- (C-^-(^fe (24)

and

V = -j&£. (25)

Thus, the reactance X presented by the barrier capacitance at w can

be written

X = —^- (26)
W

From eq. (24)

Equations (26) and (27) specify the reactanceX in terms of the two inde-

pendent variables / and Vbo .

We now make the assumption that the diode is so operated that the

power* absorbed by R(vb ) at co„ is much smaller than the power dissipated

in R s at aj„ . Because of this assumption, which is consistent with eq.

(18), the impedance Z presented by the diode at w„ is simply Rs + jX.

According to the preceding section the stability of the network of Fig. 2

can be ascertained from the behavior of R s + jX using inequality (12),

which reduces to

B.*\l dX
dl

(28)

because Rs is independent of /. In order for the network of Fig. 2 to be

potentially unstable, inequality (28) must be fulfilled under at least

one of the two conditions (14) and (15).

Consider first condition (15), in which case Vb0 can be assumed

independent of J (Vbo ^ V because RSI = 0). From eqs. (26) and (27)

one obtains

dX _ I (29)
dl 2(C V5)

4
co^

* This power is (2(Re)V b ic'
u ° l

iK )nve ; it can be calculated lo a first approximation
using eqs. (5), (23), and (27).
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Let St, and Sm denote the maximum and minimum value of S(t).

From eq. (22) one can verify that / and Sa are related to SM and Sm

as follows:

S =
S" ± Sm

(30)

i = » (cllVJY
s"~ Sm

- (3i)

These relations and eq. (29) yield

dX _ 1 Sj* (1 - SJS„) 2

r„oN

dl 4 «„ (1 + Sm/5JU )
^

;

which is valid provided Vbn is independent of /.

Now consider condition (14) where Vb0 is a function of /. In general,

no simple relation exists between X and /; however, in Appendix A it is

shown that if for a given value of the ratio Sm/Sit the inequality

QVjn

kT
» 1 (33)

obtains [vm is the minimum value of vb (t)], then condition (14) becomes

equivalent to

S„, = constant (34)

which leads to a simple relation between X and I. In fact, using eqs.

(26), (30), and (31), X can be expressed in the form

X = -- \sm +
J
r 1

, (35)

and X is linearly related to /. Further, using eqs. (31) and (35),

T dX o,\r o m /oa\7
d/

=
5S
-

' ()

We now compare the two cases /„ = constant and V = constant,

under the assumption that in the former case condition (33) is satisfied.

From eqs. (32) and (36), for given Su , Sm , and o>„ , eq. (36) gives a

larger magnitude for IdX/dl than eq. (32). Since eq. (36) corresponds

to the condition /„ = constant, we conclude that the network of Fig. 2

is potentially unstable only if inequality (28) is fulfilled in that case.

From inequality (28) and eq. (36),

Rs ^
S"~ Sm

, (37)



2178 THE BELL SYSTEM TECHNICAL JOURNAL, DECEMBER 1972

which gives the values of R s , SM , Sm , and co for which instability

(and therefore high gain) is possible. If v.. denotes the cutoff frequency

of the diode, so that w c
= SA,/R S , and if Sm <<C Sif , then inequality (37)

reduces to

&>. ^ 4co„ (38)

which is eq. (1) for t\ = 4.

An understanding of the practical validity of inequality (37) is

obtained by examining the restrictions in the above anatysis. It has

been assumed that the voltage across the barrier can be determined to

a first approximation by neglecting the barrier resistance and also

that the power absorbed at co8 by the barrier resistance is negligible

compared with that dissipated in R s . These assumptions are certainly

satisfied if operation of the diode is restricted to a range of voltages v b

for which the barrier capacitance is predominant over the barrier

resistance. However, this restriction is impractical because it would

result in a mixer with very poor performance; for optimum performance

the diode should be fully pumped; that is, vb (() should vary over the

entire usable range of forward and reverse voltages. In the following

section it is shown that inequality (37) is valid, approximately, even

if the diode is fully pumped (in which case the restriction in question

is not satisfied), provided the breakdown voltage Vn is sufficiently large.

Thus, we can say that this requirement on Vu [which is in accord with

the fact that inequality (37) has been derived under requirement (33)1

is the main restriction on inequality (37).

IV. GENERAL CASE

According to eqs. (4) and (5), the voltage and current at the barrier

are related through the nonlinear differential equation

C„ V* a\
+

.

g
,„/tnn _

it
_

ib = 0j (39)

V<t> - vb
dt

with ib given by eqs. (6) and (7). This equation cannot in general be

solved exactly, but an approximate solution can be obtained fairly

simply to any degree of accuracy by the Euler method, as shown in

Appendix B. Using that method, Zb , Vb0 , and their partial derivatives

with respect to I a and / [these derivatives are needed to test the stability

of M using inequalities (16) and (17)] have been calculated for various

diode characteristics and terminal currents I and /. Table I shows
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Table I

—

Four Examples of the Behavior of M

= 31.2.')
/„ + i

C„U„ V<£
L= 0.1

|J|/CU>„V* 0.75 1.00 1.25 1.75
vb„ - <t>

-0.722 -1.116 -1.603 -2.857
r„, - * -1.648 -2.660 -3.010 -7.180
v„ - * -0.003 -O.OSfl -0.0S6 -0.082
Hi, - ciiaC'd \/<p 0.110 0.101 0.006 0.000
A i, cooCi \/0 -0.725 -0.004 -1.0S0 -1.432
dVb„/dI„-u„C„y/$ 2.016 2.577 3.133 4.243
dVb„/d\I\-a>„C„V$ -1.389 -1.762 -2.134 -2.878
a(l/|/?fc)/^/„-w„C„V0 0.576 0.774 0.066 1.345
a(|/|/?t)/c)|/|-a)„aV0 0.07S1 0.0763 0.0757 0.075
|/|c>A'i,/d/„-w (,C„-v/* 1.403 1.7H4 2.166 2.937
llldXb/dlll-oioCV^ -0.542 -0.710 -0.881 -1.228

four examples where

C„w„Vi
= 31.25,

L + i,_

C„u„ \/<f>

= 0.1 (40)

The four_ examples correspond to various values of the quantity

/yC co„V 0, which represents the terminal current at w„ . The values

vm and vM in Table I are the minimum and maximum value of vb (t).

Note that according to eq. (20) SA, and Sm are related to vM and v,„

through the relations

c„Vi
s„ = V<j> - v„

C V4>
(41)

One can verify that, in all the four cases of Table I, inequality (16)

is violated for R s = 0. Thus, in each case the circuit of Fig. 2 is poten-

tially unstable provided the series resistance R N is sufficiently small.

The values of Ra associated with potential instability can be derived

as follows. In all the cases considered it has been found that if inequality

(17) is fulfilled, then inequality (16) is also fulfilled; in other words, if Z
satisfies inequality (12) under the condition V„ = constant, then it

also satisfies inequality (12) under the condition /„ = constant. This

property has already been found to be true in the limiting case dis-

cussed in the preceding section. It follows that for the network to be

potentially unstable it is necessary (and, of course, sufficient) that

Z = Rs + Rh -f- jXb satisfy inequality (16). That is, it is necessary
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that the expression

be nonpositive. This requirement is equivalent to

Rs ^ Rsc ,

where

(42)

(43)

Rsc — n W'(f
)' + '(f

)' -^ - *] • M
In fact, one can verify that expression (42) vanishes for Rs = Rsc and

is negative for Rs ^ Rsc . According to inequality (43), Rsc is the

largest series resistance for which the network of Fig. 2 is potentially

unstable.

Figure 4 shows several curves of R S c versus
|
Vm — <f> |

calculated [using

Eq. (44)] for different values of Io/C u Vi and for t.[exp {qfi/kT)]/

co C \/<l>
= 31.25. The four points indicated on the curve relative to

I /C o) \/<t> = 0.1 correspond to the four cases of Table I, as one can

0.6 - rsc"'ocoa/'7

0.5 -

0.4

0.3 - I = 0.025^^/

0.05 .^^ y^

0.1 " yS
r

Io + 's

° co(„oV^

0.1 - O.b/

n / I I I I

i I i
i I

-2 -3 -5 -6

V„-«l'

- 7

Fig. 4—Behavior of It.sc a** a function of v,„ for different values of /„.
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verify using eq. (44). We see from Fig. 4 that for given diode charac-

teristics and for a given a> , the behavior of Rsc as a function of /„ and

[
vm — <f> |

has the following characteristics. For a given /„ , Rsc increases

monotonically with
|

«„,—</> | . Since vm cannot exceed the breakdown

voltage, V B ,
the largest value of Rsc for a given In occurs when vm = VB .

For a given vm , Rsc increases with decreasing /„ and approaches a

finite limit for /„ —» 0. Figure 4 shows that, if | Vm — tf> |
> 2 volts, RS c is

little affected by the value of /„ for J /«oC V9 < 0.1, approximately.

Now from the discussion of the limiting case of Section III, we know

that, if conditions (18) and (33) are satisfied, then according to inequality

(37)

R SCWo
(45)

SM - Sm 4

Condition (18) can be assumed to be fulfilled when I /io„Cn \/<i> is

sufficiently small, in which case the quantity Rsc» /(8u — Sm) is ex-

pected to approach 1/4 for large \vm — <j>\ . It is interesting to compare

this asymptotic behavior of R S cu /(Sm — Sm) with the behavior

corresponding to the curves of Fig. 4. Figure 5 shows R S c<*> /(Sm — Sm)

plotted as a function of
|
v„ — 4> \

for the four cases corresponding to

0.25

0.025

0.05^

0.20 "
0.1/^

0.15 -

-
r

Vi s

c (,, v^

0.05 - /

n 1

1 1 1 I
1 I

-1 -2 -3 -4 -5 -6

vm - 'I'

-9 -10

Fig. 5—Behavior of Rsc<*«/{&m - Sm ).
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the curves of Fig. 4. One sees that Rsc o}b/(Sm — S,„) never exceeds 1/4,

and that if I /o)„C„ s/4> is sufficiently small, Rscw /(SM — Sm ) approaches

1/4 for large
\

v,„ — <f> | , as expected. The four points indicated in Fig. 5

correspond to the cases of Table I.

So far, the quantity z'.5 [exp (q<t>/kT)]/u> Ca \/<j> has been assumed to be

31.25; Fig. 6 shows how Rsc/u C V<j> is affected if is [exp (q<f>/kT)]/

a)„C \/<j> is changed from 31.25 to 1.08. The two curves of Fig. 6 have

been calculated for I /o) C \/4> = 0.1. It is evident that R S c/u C„'s/<j>

does not depend critically on the value of is /(i) C \/<f>. The four points

indicated in Fig. 6 correspond to the four cases of Table I.

4.1 Region of Instability for Typical Diode Characteristics

Typically, the breakdown voltage is sufficiently large so that one can

assume <f>
— vm > 2 volts. For such values of ^ — vm one can verify

from Fig. 4 that Rsca C Vi/V<t> - vm > 0.16 if I /u C„Vi < 0.5.

Thus, one can assume for typical diodes

0.16 <
Vtf> - vm

< 0.25. (46)

In the introduction, the range of pump frequencies associated with

potentially unstable behavior was expressed in terms of the parameter 17.

A comparison of inequalities (1) and (43) shows that this parameter is

0.20

0.15 -

0.10 -

0.05 -

-

io= 31.25—-.

^k

^^-°"-^ i's
- 1.08

-'

-

i

s
.kT

'

s
^oco^r>

**< =0,

<"ocoV<l»

I :.J 1 1 1 1 1 1 1

-2 -5

vm -<t>

-6 7 -10

Fig. 6—Effect of is .
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related to Rsc as follows:

CO

17
=

CO

_ Rs_ = S„ = V<j> - vm /
47

v

RSC U R S C i2 lSCC0oCoV9

Thus, according to inequality (46), 77 typically lies between 4 and 6.25,

as was stated in the introduction.

V. EFFECT OF Rs ON NOISE PERFORMANCE AT HIGH GAIN

The limit imposed by Rs on the optimum noise performance obtain-

able at high gain is now derived, when the diode is used as a down-

converter and is terminated with equal impedances at co„ ± p. The

effect of Rs on noise can be separated into two parts: one is the effect

at co„ ± p, and the other at the output frequency p.We will see that if the

diode is operated at high gain, the effect at co ± p is minimized when the

diode is terminated with a very high impedance at co = p. Under this

condition the effect of R s at u = p vanishes and can therefore be

ignored.

Consider the effect of R s at w„ ± p. If R a denotes the real part of the

equal terminations at co„ + p and co„ - p, the real part of the total

impedance terminating the barrier at co„ ± p is R al = R a + Rs

Now inequality (43) implies that high gain is possible only if R ai ^ Rsc ,

that is, only if

R a ^ Rsc - Rs . (48)

Furthermore, when the resistance R at equals Rsc (i.e., when R a
=

Rsc — Rs), one can show that high gain requires a very high output

impedance in all cases of Section IV. (This is a direct consequence of the

fact that, when the resistance seen by the barrier at w„ equals Rsc ,

instability may arise only if I n
= constant; that is, only if the diode

is biased by a dc supply with infinite internal impedance.)

Now the ratio of the thermal noise power available (at co„ ± p) at

the barrier to that available at the terminals of the diode is R nl /R a .

This represents the impairment caused by the presence of R s at co ± p

on the noise performance of the diode as a down-converter. According

to inequality (48), this impairment is minimized when R a equals

Rsc — Rs , in which case a very high termination is required at co = p.

Thus, since the effect of R s at co = p vanishes, and at co = co ± p is

given by the ratio Rsc/(Rsr ~ Rs), the noise figure can be written

—Rsc— F (49)m T? J? '

Use — -""iS
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where F is the noise figure obtainable at high gain in the ideal case

R,s = 0, when the termination at w = p is a very high impedance.

Using eq. (47) this relation can be rewritten

Fm = (1 - v^ ) V (50)
w.

from which one obtains inequality (3).

,*
VI. EXPERIMENTAL RESULTS

Experimental data have been obtained at a pump frequency of

1.25 GHz using a GaAs Schottky barrier diode, 1" having Rs ~ 4 ohms,

C„ == 1.2 pF, and VB ~ 10 volts. This diode was mounted in a circuit

designed to produce at the barrier very high terminating impedances

at 2co„ , 3w , and 4g>„ . The structure is shown in Fig. 7 with the cover

plate removed; the diode is inserted between two resonators both of

which operate in the TEM mode. One resonator is connected to a

50-ohm coaxial line and consists of a main line with two series-resonant

circuits connected in shunt. The purpose of the two series-resonant

circuits is to short out transmission at 2co and 4«„ between the 50-ohm

coaxial line and the diode. Each circuit consists of a line element con-

nected to the main line at one end, with a lumped capacitance between

the other end of each line element and ground.

The main line has the diode chuck soldered at one end; the other end

is open-circuited. The electrical distance between the open-circuited

end and the connection point at which the coaxial line is attached is a

quarter of a wavelength at 3o>„ . The connection point of the coaxial

line is therefore also short-circuited at 3o>„ . The distance from

this connection point to the diode and the dimensions of the other

resonator were chosen so as to open-circuit the barrier of the diode at

2a>„ , 3w„ , and 4w„ , using the following procedure. Initial dimensions

for the two resonators were obtained experimentally by adjusting one

resonator at the time (the other resonator and the diode being removed).

The L-shaped resonator was adjusted so as to obtain two resonances

at 2cu„ and 4co„ . The other resonator was adjusted (with the 50-ohm

line terminated in 50 ohms) for a resonance at 3w„ . Then an empty
package identical to that of the diode used in this experiment was

mounted between the two resonators as shown in Fig. 7, and the reso-

nant frequencies of this circuit were measured by coupling the circuit

* The experiment described in this section was carried out by S. Michael of Bell

Laboratories.
* Supplied by J. C. Irvin of Bell Laboratories.
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50-OHM
COAXIAL LINE

Fig. 7—Circuit used to open-circuit the barrier of the diode at 2w„, 3a> and 4a>„.

to a load and a generator by means of two loosely coupled capacitive

probes. The resonant frequencies were found to be appreciably different

from 2w , 3o>„ , and 4co as expected, because of the coupling between

the two resonators resulting from the case capacitance of the package.

The dimensions of the two resonators were then adjusted to give the

desired resonances at 2a> , 3w„ , and 4w and the empty package was

finally replaced with the actual diode.

In order to separate the pump frequency o> from dc, the 50-ohm

coaxial line of the circuit of Fig. 7 was connected to one of the three

arms of a monitor tee consisting of a main line shunted by an auxiliary

line. The two lines are provided with a capacitor and an inductor con-

nected in series to their central conductors to block signals in the vicinity

of dc and w , respectively. The other two arms of the monitor tee are

connected to an output matching network and a tuner, as shown sche-

matically in Fig. S.

Figure 9 shows a block diagram of the apparatus used to measure the

noise characteristics of the mixer of Fig. 8. The noise source is the AIL
type 70 Hot-Cold Body Standard Noise Generator [consisting of two

terminations, one immersed in liquid nitrogen (77.3°K) and the other

mounted in a temperature-controlled oven (373.2°K)]. The pump is

connected to a narrowband filter. This filter consists of four identical
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I^PJT—fT TUNER

MONITOR
TEE

OUTPUT
CIRCUIT

J=E

MIXER-^

i :^

-7~~

CIRCUIT
OP FIG. 7

n:1

DC

Fig. 8—Mixer.

Fig. 9—Block diagram of apparatus used to test the mixer of Fig. 8; u = 1.25

GHz;p = 2 MHz.
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cavity resonators tuned at w„ and separated by transmission lines

X/4 long at to ; the attenuation at co„ is approximately 10 dB and, at

co„ ± p for p ^ 2 MHz, is greater than 55 dB; its fractional bandwidth

is approximately 0.07 percent. The noise source is buffered by an isolator

providing more than 22 dB isolation at to„ ± p. The noise components

originating from the source at taa =fc j) (p ^ 2 MHz) enter the first

circulator and are directed into the pump filter which reflects them back

to the circulator where they are directed into a second circulator. The

second circulator, which provides 22 dB of isolation at w ± p, is

followed by the mixer, the circuit of which is shown in Figs. 8 and 9. The

noise power entering the mixer at co ± p is converted to the output (IF)

frequency p =. 2 MHz. The converted power is then amplified and

finally measured with a narrowband receiver. The IF amplifier system

consists of a calibrated variable attenuator followed by an amplifier,

the noise figure of which was optimized at 0.19 dB for p = 2 MHz.
The purpose of the variable attenuator is to vary the noise figure F t of

the IF amplifier.

The double-sideband noise figure of the mixer-amplifier combination

is given by the familiar relation

F r
= Fm + ^-^ ,

(51)

where Fm is the double-sideband noise figure of the mixer* and Gm is

its gain. Note that G„, is not the conversion gain from to„ + p to p, or

from co„ — p to p, but is the sum of the two. That is, if G a p and G y p

denote these two gains, (!„, = Gn? + G yP (thus Gm = 26'
u/s because

G„n = Gyp), Measurement of F r consists essentially of determining

two quantities: (i) the ratio Y = P2/F 1 , where 1
}
2 and P x are the power

outputs of the IF amplifier corresponding to the two temperatures

T 2
= 373.2°K and 7\ = 77.3°K and (ii) the insertion loss f of the circuit

connected between the source and the mixer; this loss is less than 1 dB
and can be measured very accurately. The noise figure is given by the

well-known formula Fr
='[1 + (7', - T,r)/290(F - \)\l. The accuracy

of measurement of F, is limited primarily by the accuracy of the two

temperatures T2 and 7\ ; the estimated error for F r is less than 0.1 dB.

According to eq. (51), Fm and Gm can be determined indirectly by

measuring the effects of F T of varying the IF noise figure F, . Figure 10

shows a plot of F r versus F, which was obtained after adjusting the

* F,„ is the ratio of the total noise power output of the mixer to that portion of this

power originating from the terminations of the mixer at oj„ + /> and u, — p, assuming
these terminations are at 29()°Iv.
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3

Fig. 10—Behavior of l<\ versus F t ; mixer optimized for F t
= 0.19 dB.

mixer for minimum Fr under the particular condition F, = 0.19 dB.

According to eq. (51) the slope of this curve is the mixer conversion

loss L m = l/Gm and the point corresponding to F {
= 1 is Fm . This

curve tells us that for a gain of 0.948 the lowest noise figure obtainable

from the mixer is 1.174.

Figure 11 shows a plot of the minimum noise figure of the mixer

versus its conversion loss. From this plot we can derive the lowest FT

obtainable for a given F { as follows. From eq. (51), after replacing

1/^'m with Lm and differentiating, we get

dL
dF

(52)

0.50 -

0.25 -

1.50

Fig. 11—Behavior of F„, versus /,„, = G„r\



SCHOTTKY BARRIER MIXERS 2189

Because the curve of Fig. 11 has d*Fm/d
2Lm > 0, it follows that a point

on the curve minimizes F r if it satisfies dF r/dL m = which, from eq.

(52), results in

F t
= 1 - dK

dL.
(53)

Using this equation, we obtain from Fig. 11 the curve of Fig. 12, which

shows the relation between F, and the optimum value of Lm . One sees

that it is desirable to have L,„ < 1 (i.e., gain greater than unity) when

F, > 1.37 (~1.4 dB) (54)

VII. CONCLUSIONS

It has been shown that a Schottky barrier diode is capable of arbi-

trarily high conversion gain as a mixer provided u>„ < u c /v> where tj is

a parameter typically less than 6.25, but always greater than 4. If

w « u c /t], then according to inequality (3), the ultimate double-

sideband noise figure at high gain should be very close to unity. A
fortiori, the ultimate noise figure at low gain should be excellent, if

u>„ « mj-q. These conclusions are corroborated by the experimental

results. Although the experimental result obtained is very good (Fm , 0.7

to 2.3 dB), it does not achieve the theoretical limit, nor was it expected

to; practical limitations such as input circuit losses, estimated to

exceed 0.4 dB for Gm » 1, confine the experimental noise figure for

(Jm » 1 to values appreciably higher than the theoretical limit.

Fig. 12—Relation between F, and the optimum v;iliie of Lm .
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APPENDIX A

In this appendix, we analyze the condition /„ = constant for the

case of
|

(qvm/kT) |
» 1 of Section III. The average current through the

barrier resistance is

/„ = <w
<f/Wfl(,,

>« - i. • (55)

Thus, if a perturbation 81 is applied to the diode current at oj„
,

while /„ is held constant, from eq. (55) the resulting perturbation

of vb (t) must satisfy the condition

(e+
«,/*r„>u>

8Vb{t))avc = o. (56)

According to eq. (20) this condition can be rewritten in the form

(e-
BaHt)

S(t) 55(0>av. = 0, (57)

where

B = ^(Cu Vi)
2

. (58)

Note that S(t) is completely specified by its maximum and minimum
value SM and Sm . We will presently show that if for a given value of

the ratio

r = 7T (59)
On

we let Sm —* °o then the time function exp [
—BS2

(t)\ over the interval

— T/2 g t ^ T/2 approaches an impulse located at I = 0. Thus, if A
denotes the area of this impulse, we will show that for a given value

of r we can write:

exp [-BS2
(t)} -» Au„(t) (\t\& TJ2) (60)

for SM —» oo, where u„(t) denotes the unit impulse. From this result

and the fact that S(0) = Sm we find that for SA ,
—> oo Eq. (56) becomes

«S(0) 8S(0) = Sm 8S m = 0. (61)

We can thus say that for Su —* », condition (14) is equivalent to

condition (34). We now show that relation (60) is true for SM —> <*>.
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Let e be an arbitrarily small positive quantity. We have to show that

for a given value of r

/772
exp [-BS\t)] dt

lim nT/2

exp [-BS\t)] dt
Jo

First, note that S(t) can be written

= •

S(t) = SM
1 + r 1 - r

cos 0>ot •

(62)

(63)

Using this expression one can verify that exp [
—BS2

(t)] < exp [
—BS2

(e)]

for 6 < t ^ T/2. Thus.,

f
/2

exp [-BS2
(t)] dt < | exp [-BS\e)] . (64)

Furthermore, it can be shown that if SA,B is sufficiently large then

nT/2 rp

J
exp [-BS\t)] dt>

2 V27rr(l - r)£$

In fact, since cos <a t > 1 — (u t)
z
/2, from eq. (63)

P " r)
( A»T— (w„0

J

(1 - r>

(65)

S
2

(0 < $ r +

= S2
,[r

2 +

This inequality allows one to write

nT/2

/ exp [-BS\t)] dt
Jo

( A2 _U ( 1 ~ ?aw]-

>
m -r*Slt*B nr Vr(l-r)J»S jr*/8

— /-; xr^r. 2 ^ / exp [—

M

2 — YW
4

] rfw,

2tt V/'(l - r)BS£/2 J
F

where 7 = (^/^r2)" 1
. If 55,, is sufficiently large, so that 7 «C 1,

then from this inequality we obtain (65).

From inequalities (64) and (65) we obtain

/7V2

exp [-BS\t)] dt

f
exp [-BS2

(t)] dt

< V'2tBSI(1 - ;>,-««•<•>-'"*«>.
(66)
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According to Eq. (63) we can write

S 2
(e) - r

2S2
M = S2

M & r (e), (67)

where £ r (e) is a positive quantity which depends upon r and e, but is

independent of Su From eq. (67) and inequality (66) we therefore

conclude that eq. (62) is true. Note that, since e is a small quantity,

from eqs. (63) and (67) we can write

(1 - r>c
2

Thus,

provided

f

S,(«) &

exp [-BS\t)] dt

IJo

«1
exp [-BS2

(t)] dt

BSl »
(1 - rK

APPENDIX B

Figure 13 shows a network consisting of a variable elastance, a

variable resistance, and a constant resistance R[ . Assume that the

current ig through the variable resistance is related to the voltage v'b as

follows:

ik = nr*'"* (68)

and that the variation of the elastance S' is characterized by the relation

S' = V b̂ . (69)

Fig. 13—Network representing a Schottky barrier diode.
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Let the terminal current i'b of this network be a periodic function of t

with period 2ir, so that

H = i'M = i'b{r + 2t) . (70)

Then, ib and v'b are related through the differential equation

1 =^ + ?
y<" r'»- -H = 0. (71)

V-vl &

Furthermore, one sees from Fig. 13 that the terminal voltage v'd can be

written

v'd = HR: + v'b . (72)

A Schottky barrier diode can always be represented by such a network.

In fact, if we assume

T = W n t

v'b = v b
- 0, Vj = vd — <j> + i.R.

i'.
=i> —

C„u> \/<t>

i,,

+
C co„ y/i C io V(t>

R', = R^cVi (73)

and substitute these relations in eqs. (71) and (72), we obtain eq. (39)

and the relation vd = ibR, + vb . Thus, the two networks of Figs. 11

and 13 are equivalent.

Analysis

Let us now assume for i'b the form

a - m -J
c

-

for T s °
P4)

[I', + 27' cos t, for t >

where C is a constant. Since then i'b = i'R = C for r ^ 0, from eq. (68):

l-T
V

'

h
= V>(T) = ?±- (in C - In i'.) for r ^ 0. (75)

9

Since for t ^ 0, »£(t) is periodic, it is reasonable to expect that for t

sufficiently large, p£(t) will also be periodic. Let us suppose there is a
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positive integer N such that one can write to a good approximation

vl(2*N + 2ir) a* v'b(2vN), (76)

so that v'b (j) can be assumed to be periodic for r ^ 2ttjV,

»i(T + 2tt) S wJ(t), for r £ 27riV. (77)

Then we can write

v'h {r) ^ v'b0 + 2(Re)(t*1e
fT + • • •) for r ^ 2ttAT, (78)

where the dots indicate the components of order 2, 3, etc., and

?J. = ;r / •*« dr (79)

and

7Ji = f f" "Kf>-'T
dl. (80)

Thus, if we can determine the behavior of v{(t) over the interval 2irN ^
r ^ 27r(iV + 1), where N is the smallest positive integer for which

condition (76) can be assumed to be fulfilled, then the coefficients

V'b0 and V'hl can be readily determined by these two relations.

For given values of C, 1' and I', an approximate solution to eq. (71)

can be obtained using the Euler method. This method requires that the

continuous variable t be replaced by the discrete variable nr. (n = 0,

±1, ±2, etc.). Since in eq. (74) for t ^ i[(r) has period 2v, it is

convenient to assume for the step size t an exact submultiple of 2tt,

r = ^ (81)P

where P is a positive integer. In the Euler method of solution, eq. (71)

is replaced by the difference equation

£+i = < + DnTo ,
(82)

where v'n is the approximation to v'b for r = wfl ,
and D„ is the approxi-

mation to the derivative dv'Jdr for t = m-„ . From eq. (71)

Dn = V n̂ {i'n - i:e
(Q/kT) ""')

(83)

where

i' = I' + 21' cos (jit.), for n >

C, for n -
(84)
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Equations (82) to (84) show that the values of v , y, , v2 , etc. can be

calculated sequentially, starting with

Du = 0, v' = — In (^) , (85)

then calculating v[ and D t , and so on. Let N be the smallest integer

for which the condition

v'pw+D = v'PN (86)

is satisfied. Then, according to eqs. (79) and (80) the desired approxi-

mations to V' and V are

V'o = ^ T*v'k+Pnf A" =
(g7)

1
P ~ i

V o
= p 2^ ^A' + PiV^ K+ PN

1 A' = U

Table I* and Figs. 4 to 6 have been calculated choosing as initial

condition

i'Q = C = U + 21'. (88)

The value of N depends on the value of If, . One can show that N —* °o

for I' —> 0. Thus, the above method is not suitable if I' is too small.

However, for the values of I'n that are of practical interest, N is typically

a small integer; for instance, N ^ 4 in all the cases in Table I.
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